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Abstract 
E×B mass filter is designed by 3-D modeling. After the perpendicular separating principle and basic properties are analyzed in 
three dimensions we build a homogenous magnetic field by optimizing the thickness of the permanent magnet. Identical 
electric field is obtained by adjusting electrode potential and space between the electrodes and the fringe effect is reduced by two 
shorting tubes. An example of Si+ ion at 30keV is given to show its mass resolution, ion motion trajectory and achromatic 
aberration in collimated mode and crossover mode. Our results show that this model can separate the desired ion in nanometer 
optical column for both modes and has a better performance for the crossover mode.
  © 2008 Elsevier B.V. 
PACS: 41.85.-p; 41.85.Qg;  
Keywords: 3-D modeling, homogeneity, automatic tracking 
1. Introduction 
With the nature of high resolution and flexible application, focused ion beam (FIB) system has developed much 
since its appearance in late 1970[1]. The development of FIB technology requires improving the performance of the 
E×B separator. From its basic properties in [2] and approximated calculation of the second-order aberrations for a 
homogeneous field filter [3], the key to design a filter is to obtain homogenous field and negligible fringe effect. The 
two-stage mass separation system effectively reduces achromatic aberration of IMSA-100 FIB column [4], however 
it does not work better in nanometer beam. In the nanometer scale, system error from the filter’s fringing effect and 
inhomogeneity can’t be neglected, so we design the filter based on 3-D technique and simulate its performance 
under collimated mode and crossover mode. 
 
2. 3-D Model 
The common filter is schematically shown in Fig.1, which consists of perpendicular electromagnetic field and the 
separation aperture. The electromagnetic force on charged ion can be expressed by equation (1) when the ion passes 
through that filter.  
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Fig. 1.  Structure of E×B separator 
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where q is the charge, E the electric field, v  the velocity and B  the magnetic field. The index of ,x y or z denotes 
,x y or z component of the vector. Ideally, electric field and magnetic field are homogeneous, that is 0y zE E= = ,
/x fE E V d= = ; 0x zB B= = , yB B= , where fV is the deflection potential and d is the distance between the 
electrodes. Equation (1) can be simplified into ( )F q E vB= − , since the z component of ion velocity is much bigger 
than its ,x y ones. When the velocity v  equals /E B , ion will be straight to the centre of the aperture and its charge-
mass ratio can be expressed by equation (2), where aV  is the accelerating potential on ions. Most E B× filters use 
permanent magnet to form magnetic field, then adjust the potential on electrodes to meet 2fV Bd Vη= for selecting 
desired ions. 
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In practice, the field is not homogeneous and there exists fringe effect, so ion trajectory is 
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where ( , , )x y z and ( , , )dx dy dz  represent ion position and velocity, respectively. From equation (3), ions will be 
deflected from the optical axis ( z ) and the field is different at different place, so the filter is sure to change the ion 
beam shape and diameter. Referring to the definition of mass resolution / 2 2 /( )am m mV BL qα (
/( / 2)D S Lα = + ) in [4], we calculate the maximum ( 1m ) and the minimum ( 2m ) of m in equation (3) when ion 
displacement at the aperture ( 2 2A Ax y+ ) equals aperture diameter D . The bigger one of ( 1, 2)im m i− = is chosen as
m
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3. Field Optimization 
In most FIB devices, the beam diameter is several micrometer, so the field of xoy plane has little effect on the 
whole system. The key of the model is to obtain homogeneous xE and yB  along z axis from the above 3-D analysis. 
The magnetic field becomes more important as ion velocity is higher than 105m/s. The field between magnets can be 
decomposed into two separate magnetic fields, whose analytic expression [5] can be expressed as: 
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depends on magnet material and 
size, rb  represents its remanence, 2d is the space between permanent magnet and , ,a b h are the magnet’s length, 
width and thickness respectively. We use high-remanence material ( 1.05rb = ) SmCo28 to build magnetic field of 
the separator. Considering the spatial limit in optical column, the original size of the magnet is chosen: the length is 
40mm, the width is 20mm, the thickness and the space between the poles are 5mm and 16mm according to the 
homogeneity curve of yB . The middle magnetic field is bigger than the ending one as shown in Fig.2(a). According 
to the relationship between yB  and d ( Fig.2(a)),   we increase the thickness of the two ends to alleviate the field 
difference and the final calculating thickness is shown in Fig.3(a). 
 
 
 
(a) (b) 
Fig. 2.  Magnetic distribution: (a) By along z axis; (b) By along d 
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(a) (b) 
Fig. 3.  E×B model: (a) optimum thickness of magnet and electrode;(b) 3-D structure 
We adjust electrode potential and space between the electrodes to obtain electric field with identical trend to its 
perpendicular magnetic one. With original size of 40 8 25mm mm mm× ×  and middle space of 4mm, the optimum 
electrode thickness is shown in Fig.3(a) with potential of 283V. Two shorting iron tubes are applied to reduce the 
fringing effect, whose inner diameter is chosen 1mm(bigger than beam diameter). The tube will shield the field if its 
thickness is over 1mm and build a 3mm abrupt field when protruding into the filter 0.5mm. The final 3D model is 
shown in Fig.3(b), which may obtain high homogeneity field (Fig. 4). 
 
     
 
(a) (b) 
Fig. 4.  Field distribution of the filter along z axis: (a) magnetic field; (b) electric field 
4. Simulation and fabrication 
We choose Si+ ion under 30keV as an example to research the performance of the 3-D model. Beam current of 
the whole system can be expressed as 2 ( / )p oI dI dpiα , where oα  is beam half angle subtended by beam limiting 
aperture at object side, /dI d is the angular intensity(normally 20µm/sr). Most FIB devices can obtain nanometer 
resolution when the beam current is 1-500pA[6]. Here the current is chosen as10pA and oα will be 0.1262mrad. 
Ideally, as the ion mass is 4.64968x10 26 kg its charge is 1.601x10 19 Coulomb and the magnetic field of our 
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model is 0.3637T the potential of the electrode will be 283V. 3-D field distribution is calculated through 
Ansoft(0.001% convergence criteria), then ion trajectory is simulated by an automatic tracking program in Matlab 
7.0. The spatial field is obtained by cubic interpolation of field at mesh-points in the program. Fig. 5 plots the 
relation between mass resolution and the distance between the aperture and the filter ( S ) when 100D m= . The 
filter can separate ions from most alloy sources when its mass resolution is less than 0.1. Here we choose 0.04 as 
mass resolution of our model, then the distance between the aperture and the filter will be 25mm.  
 
 
Fig. 5.  Relationship between mass resolution and space 
Fig. 6 and Fig. 7 plot ion trajectories and achromatic aberration when the accelerating potential varies 10V under 
collimated mode and crossover mode respectively. We choose the distance between the source and lens 1 as 20mm, 
so the beam diameter at the entrance of the filter is about 5µm under collimated mode. In Fig. 6(b), the maximum of 
beam deflection is 7 µm and the collimated beam becomes diverged a little (19.843µmrad). In Fig. 6(c), solid line 
and dotted line represent ion beam shape without and with a filter. Beam diameter becomes smaller with an elliptic 
coefficient of max( ) min( ) / max( ) min( ) 0.9222x x y yβ = − − = . In Fig. 6(d), solid line and dotted line represent ion 
beam shape without and with accelerating potential variation, and the maximum deflection is 1µm with similar 
shape. To compare with collimated beam, we choose beam diameter as 5µm and 1mrad incident angle at 5z = −
under the crossover mode. The symbols in Fig. 7 have similar meaning to those in Fig.6, but beam converged trend 
keeps fixed after the filter with 1.8µm deflection. In Fig. 7(c), beam diameter keeps fixed and its elliptic coefficient 
is 0.9522. In Fig.7 (d), the maximum deflection is 0.6µm under 10V fluctuation.  
 
 
The key to obtain the above homogeneous field is to increase the accuracy of fabrication and installation. Fig.8 
plots the spatial connection of our model and it can separate the desired ion from Al, As, Au, B and Cs etc.. The 3D 
model will nearly keep the system’s optical performance with a post-aligner. 
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                        (a)                                                                                                         (b) 
 
                                                                   (c)                                                                                                         (d) 
Fig. 6.  Ion trajectory under collimated mode: (a) 3-D trajectory; (b) xoz  mapping;  
(c) shape of ion beam; (d) shape of ion beam under 10V fluctuation 
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             (a)                                                                                                          (b) 
 
   
                                                    (c)                                                                                                       (d) 
Fig. 7.  Ion trajectory under crossover mode: (a) 3-D trajectory; (b) xoz  mapping;  
(c) shape of ion beam; (d) shape of ion beam under 10V fluctuation 
 
5. Conclusions 
Field homogeneity is much increased when we optimize the model by 3-D technique and two iron shorting tubes 
effectively reduce the fringing effect. The improved 3-D model can separate the desired ion in nanometer optical 
column on both modes and has better performance under crossover mode. We can design a pair of E B× filters if the 
column has enough space, which can both reduces achromatic aberration of the system [4] and solves the 
uncollimated problem under collimated one. In addition, we may adjust the homogeneity of field by changing the 
relative position of permanent magnets. 
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Fig. 8.  Spatial connection of our model 
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